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(57) ABSTRACT

A method and apparatus are provided for controlling com-
bustion 1n a pilot ignition gas engine connected to an electric
generator of a power generator unit installed near a coal mine.
The engine utilizes recovered methane gas and ventilation air
methane gas from the coal mine by adjusting methane con-
centration to produce a lean air-methane gas mixture. Gas
engine output torque 1s controlled to maintain [ATdI-
|IATs|>0, where |IATdI 1s the absolute value of change rate of
load torque Td required to drive the generator 1n relation to
engine rotation speed, and |ATs| 1s the absolute value of
change rate of output torque T's 1n relation to engine rotation
speed at an 1ntersection of torque curves. Excess air ratio 1s
controlled to be 2 or larger so that lean mixture burning is
performed while avoiding misfiring and knocking by control-
ling the mixing ratio of recovered methane gas with ventila-
tion air methane.

8 Claims, 10 Drawing Sheets
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METHOD AND APPARATUS FOR
CONTROLLING COMBUSTION IN
GENERATOR GAS ENGINE

CROSS-REFERENCE TO RELATED
APPLICATION

This 1s a continuation-in-part of U.S. application Ser. No.
10/803,973, filed Mar. 19, 2004 now U.S. Pat. No. 7,363,883.

FIELD OF THE INVENTION

The present invention relates to a method and apparatus for
controlling combustion 1n a gas engine employed 1n a gas
engine electric power generator to effectively utilize coal
mine methane gas which 1s low in methane concentration and
large 1n variation thereof, thereby serving to smoothly
advance the economic development in developing countries
by utilizing the profit made by electric power generation and
also made by GHG (greenhouse gas) emission trade.

DESCRIPTION OF THE RELATED ART

In growing awareness of a worldwide environmental prob-
lem, country-by-country objectives of reduction of carbon
dioxide emission was decided at the 3rd Conference of the
Parties to the United Nations Framework Convention on Cli-
mate Change held 1n 1997 1n Kyoto. In the meeting, a Kyoto
mechanism was established for the reduction of GHG (CO2,
CH4, N20, etc.) emissions 1n accordance with the conditions
of countries and for the promotion of the efficiency of reduc-
tion.

The Kyoto mechanism is a system to promote worldwide
cooperation and emission credit dealing for the reduction of
GHG, 1n which a concept of carbon dioxide emission credit
(right to emit a certain amount of carbon dioxide) was intro-
duced and which aims to utilize market principles as a supple-
mentary scheme for achieving the reduction objective of each
country. When each entity (nations, enterprises, stores, fami-
lies, etc.) takes action of directly exhausting GHG (for
example, consuming energy lor operating machines, con-
suming gasoline for running vehicles, etc.) or when it takes
action of indirectly exhausting GHG (for example, mining of
coal, selling of gasoline, etc.), it 1s under an obligation to pay
carbon dioxide emission credit corresponding to the
exhausted amount of GHG.

As for energy, coal industries of coal industrial nations of
the world (China, CIS, Europe, and the Umted State) are
expected to be important energy suppliers even 1n the middle
part of this century.

However, accompanying mining ol coal, methane gas of
10~40 Nm3 (in terms of pure methane) per ton of coal 1s
released to the atmosphere as recovered methane gas
(30~50% concentration, air diluted) and ventilated gas
(0.3~0.7% concentration, air diluted). Therefore, technology
and business to effectively utilize the methane gas now being
released to the atmosphere 1s very prospective and will make
large social and economic contributions.

There are two kinds of coal mine methane gas as shown in
FIG. 10; one 1s recovered methane gas recovered by a vacuum
pump from bore holes for degassing for the sake of safety, and
the other 1s methane gas exhausted together with the ventila-
tion air from the mine cavity and coal face. The concentration
of methane of these gases 1s low, that of the former 1s 30~50%
and that of the latter 1s extremely low at 0.3~0.7%.

To use a boiler or gas turbine as a heat engine to utilize
methane gas has been considered.
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However, 1f recovered methane gas having a methane con-
centration of 30~50% 1s to be used for a gas turbine or boiler,
as combustion temperature 1s low and methane concentration
varies violently, 1t 1s not practical. It 1s difficult to use the
recovered methane gas for a gas turbine. Actually, the usage
of recovered methane has been limited; it has been used as
tuel by nearby households, or 1n the case of a boiler, used only
as auxiliary fuel.

Therefore, as for the utilization of coal mine methane gas,
even recovered methane gas 1s seldom utilized, and almost all
of the coal mine methane gas is released to the atmosphere.

However, the greenhouse effect index of methane gas 1s 21
times that for the case in which the methane gas 1s burnt and
released to the atmosphere as CO2. For example, coal mine
methane gas release 1n China 1s 1.44 billion m3, which 1s
equivalent to more than 10% of total amount of CO2 release
in Japan.

Therefore, 11 Japan establishes an enterprise to effectively
consume the coal mine methane gas 1n China to change the
methane gas to CO2 and release 1t to the atmosphere as CO2,
a reduction of the greenhouse eflect index by 20 can be
achieved compared to the case in which the methane gas 1s
released to the atmosphere, for greenhouse effect mndex of
methane 1s 21, on the other hand, greenhouse effect index of
CO21s 1. This reduction of the greenhouse effect index can be
traded as an emission credit.

SUMMARY OF THE INVENTION

As mentioned above, there are two kinds of coal mine
methane gas as shown 1n FIG. 10; one 1s recovered methane
gas recovered by a vacuum pump from bore holes for degas-
sing for the sake of safety, and the other 1s methane gas
exhausted together with the ventilation air from the mine
cavity and coal face. The concentration of methane of these
gases 1s low, that of the former 15 30~50% and that of the latter
1s extremely low at 0.3~0.7%.

The object of the mvention i1s to provide a method of
controlling a generator gas engine capable of effectively uti-
lizing coal mine methane gas low 1n methane concentration
and large 1n variation of methane concentration as fuel for the
gas engine.

First, construction around the combustion chamber of the
gas engine to which the present invention 1s applied will be
explained referring to FIG. 1.

As shown in FIG. 1, reference numeral 2 shows a main part
2 around the combustion chamber of the gas engine. A com-
bustion chamber 10 1s formed above a piston 4 1n a cylinder
room 8 of a cylinder 6. A pilot fuel 1ignition device 12 having
an 1njection nozzle 126 1s mounted above the combustion
chamber 10 so that the ijection nozzle 125 faces the com-
bustion chamber. Fuel for ignition such as light fuel o1l 1s
injected ito the subsidiary chamber 12¢ through a supply
pipe 12a, and combustion gas of the pilot fuel produced 1n the
subsidiary chamber 12c¢ 1s injected into the combustion cham-
ber 10 as flame jets 7 through injection holes of the imjection
nozzle. Lean air-methane gas mixture 1n the main combustion
chamber 10 1s 1gnited by the flame jets 7.

A mixture of recovered methane gas and ventilated meth-
ane gas mixed beforechand 1s introduced to a common 1nlet
pipe 18 and recovered methane gas 1s further introduced 1nto
an 1nlet passage 16 which 1s opened and closed by an 1nlet
valve 14. Thus, an air-methane gas mixture 1s introduced nto
the cylinder room 8. Ventilated methane gas of methane con-
centration of 0.3~0.7% added with recovered methane gas 1s
compressed by a supercharger 19 (see FIG. 2) and supplied to
the common 1nlet pipe 18.
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As the gas engine to which the present invention 1s applied
1s a pilot ignition engine 1n which a small amount of Tuel (light
tuel o1l) burnt 1n the subsidiary chamber 1s spouted out into
the combustion chamber to 1gnite the air-fuel mixture in the
combustion chamber, a lean air-methane gas mixture of meth-
ane gas concentration ol 10% or lower, preferably a super lean
air-methane gas mixture of methane gas concentration of
about 3~5% or 3~4%, can be 1gnited. Therefore, 1n the mven-
tion, recovery methane gas of 30~50% methane concentra-
tion and ventilation air methane gas of 0.3~0.7% methane
concentration are mixed so that charging air-fuel mixture
contains 4~5% ol methane gas through control by an engine
controller 20.

An excess air ratio A control means 22 in the engine con-
troller 20 controls so that excess air ratio A 1s 2 or larger. By
this, even 1n the case of very lean air-methane gas mixture,
stable 1gnition and improvement of engine performance can
be achieved.

Further, an engine output control means 24 1s provided in
the engine controller 20 in order to achieve stable rotation of
the engine without rotational fluctuation even when the air-
tuel mixture 1n the combustion chamber 10 1s a very lean
air-methane mixture.

The engine output control means 24 controls engine output
by controlling methane gas flow so that a relation |ATdI-
|ATs|>0 1s valid between |ATs| which 1s the absolute value of
the change rate of output torque Ts 1n relation to rotation
speed n, 1.€. |4 Ts/a NI 1n the output torque characteristic
curve of the engine and |IATdl which 1s the absolute value of
the change rate of torque 'Td required to drive the generator in
relation to rotation speed n, 1.e. |4 Td/4 NI 1n the character-
1stic curve of torque required to drive the generator at the
intersection point of the T's curve with the Td curve.

By this, the engine can operate stably at a rotation speed at
which a curve of engine output torque having inclination
|ATs| coincides with a curve of torque required for driving the
generator having inclination of |ATd| in the torque versus
rotation speed characteristic graph, because rotation speed
converges to that at the intersection point of both curves.
Therefore, rotational fluctuation can be suppressed even 1n
the case of burning a very lean mixture.

This 1s explained as follows. In F1G. 8(a), the engine output
torque characteristic 1s represented by a curve T's and the load
torque characteristic 1s represented by a curve Td. In this case,
operation of the engine 1s stable as ATd>ATs. The engine
operates stably at a rotation speed at the intersection point of
both torque curves of T's and Td.

In this case, when rotation speed increases from that at the
intersecting point to that at a point A1 by any cause, Td>ATs
in the case of FIG. 8(a), load torque Td 1s larger than output
torque T's at a rotation speed at point Al, rotation speed of the
engine tends to reduce to that at a point A2 1n order to operate
at a reduced load torque. As engine output torque at the
rotation speed at the point A2 1s larger than load torque at the
point A2 as shown by a point A3 on the Ts curve, rotation
speed of the engine tends to increase. Ultimately, rotation
speed converges to that at the intersection point of both curves
and rotation speed 1s stabilized there.

In a case 1 which torque characteristics T's and Td are as
shown in FI1G. 8(b), which 1s another example of stable opera-
tion, when rotation speed increases from that at the intersec-
tion point of both curves of T's and Td to that at a point B1 by
any cause, as load torque Td is larger than output torque T's at
the rotation speed at point B1, rotation speed of the engine
tends to reduce to that at a point B2 in order to operate at a
reduced load torque. As engine output torque at the rotation
speed at the point B2 1s smaller than the load torque at the
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point B2 as shown by a point B3 on the Ts curve, rotation
speed of the engine further tends to decrease. Ultimately,
rotation speed converges to that at the intersection point of
both curves and rotation speed 1s stabilized there.

In a case 1n which torque characteristics Ts and Td are as
shown 1n FIG. 8(¢) in which Td<ATs, which 1s an example of
unstable operation. In FIG. 8(c), when rotation speed
increases from that at the intersection point of both curves of
T's and Td to that at point C1 by any cause, as load torque Td
1s smaller than engine output torque T's at the rotation speed at
point C1, rotation speed of the engine tends to reduce to that
at a pomnt C2. But i this case, engine output torque Ts
decreases as rotation speed decreases and engine torque T's at
the rotation speed at the point C2 1s smaller than the load
torque at the point C2 as shown by a point C3 on the T's on the
T's curve, so rotation speed 1ncreases, but as there 1s no point
of load torque that 1s the same as the engine output torque at
the pomnt C3 on the Td curve near the intersection point,
rotation speed diverges and does not converge. So rotation
speed fluctuates and does not stabilize.

Ina case of FIG. 8(d), although ATd>ATs, IATd|I 23 |ATsl. In
this case, also rotation speed does not converge. When rota-
tion speed increases from that at the intersecting point of both
curves of T's and Td to that at a point D1 by any cause, as load
torque Td 1s larger than engine output torque Ts at the point
D1, rotation speed tends to reduce to that at a point D2. As
engine output torque at rotation speed at the point D2 1s larger
than load torque at the point D2 as shown by a point D3 on the
T's curve, rotation speed tends to increase to a point D4, but
engine torque at the rotation speed at the point D4 1s smaller
load torque at the point D4, rotation speed must again
decrease. Thus, rotation speed diverges and does not con-
verge; 1t fluctuates and does not stabilize.

This method of judging convergence or divergence 1s well
known as the return map method, and the present invention
adopted this method to apply to the output torque character-
1stic of the gas engine and the drive torque characteristic of the
generator driven by the gas engine to achieve the stabilization
ol engine operation.

As aresult, by controlling the gas engine so that the relation
IATdI-IATs|>0 1s maintained at the intersection point of the
T's curve with the Td curve, rotation speed can be stabilized at
that at intersection point of the controlled engine output
torque with the generator drive torque, and stable operation of
the gas engine at a very lean mixture burning 1s made pos-

sible.

Concretely, methane gas tlow for achieving the relation
|IATdI-IATs|>0 at the intersection point of the Ts curve with
the Td curve1s determined for the combination of a gas engine
and generator driven by the engine beforehand by an experi-
ment. That 1s, methane gas flow 1s determined for engine
rotation speeds 1n a map, and the engine controller controls
methane gas flow according to the map.

Next, as to controlling an excess air ratio A to be 2 or larger,
it 1s preferable that ventilated methane gas of methane con-
centration of 0.3~0.7% 1s mntroduced to the compressor of the
supercharger, recovered methane gas 1s added to individual
inlet passage branching from a common 1inlet passage and
connecting to each inlet port of each cylinder, and charging
pressure 1s controlled to control excess air ratio by controlling
compression pressure of a supercharger provided on the
upstream side from the common inlet passage.

For example, as shown in FI1G. 6, when 1t 1s required to shift
excess air ratio Al at point X to ratio A=2 at point Y in a lean
burn zone, charging pressure 1s increased to increase charged
air amount introduced into the cylinder room.
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By increasing charging pressure, 1t may be feared that
knocking occurs. However, as increased charged air amount
causes lower combustion temperature, lean burning atmo-
sphere of excess air ratio A of 2 or larger can be produced 1n
the combustion chamber without fear of the occurrence of
knocking.

As has been described in the foregoing, by controlling
output torque of the gas engine so that the relation IATdI-
|ATs|>0 1s maintained at the intersection point of the T's curve
with the Td curve, and further controlling charging pressure
by controlling the super charger so that excess air ratio A
becomes 2 or larger without occurrence of misfiring and
knocking 1n combustion in the combustion chamber of the gas
engine, stable lean mixture burning ol methane gas can be
achieved.

In the apparatus of the invention, 1t 1s preferable that a
common 1nlet passage for supplying ventilation air methane
to cylinders of the engine, a supercharger having a compres-
sor connecting to the common 1nlet passage, and a super-
charger control means to control excess air ratio of the
charged air-methane gas mixture to be 2 or larger by control-
ling charging pressure produced by the supercharger pro-
vided upstream of the common 1nlet passage, are provided.

Further, 1t 1s preferable that a mixer for mixing a part of the
recovered methane gas with the ventilation air methane gas
before the ventilation air methane gas i1s itroduced to the
compressor of the supercharger 1s provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view of the structure
of the part around the combustion chamber of the gas engine
to which the present mnvention 1s applied.

FIG. 2 1s a schematic representation of the total construc-
tion of the gas engine of FIG. 1.

FIG. 3 1s a flowchart of combustion control of the gas
engine.

FIG. 4 1s a graph showing a relation between torque
requirement Td of the generator and output torque Ts of the
gas engine versus engine rotation speed n.

FI1G. 5 1s a graph showing apportionment proportion of gas
flow Vg1 via the first electromagnetic valve and gas tlow Vg2
via the second electromagnetic valve versus output torque T's
of the gas engine.

FIG. 6 1s a graph showing a misfire zone and a knock zone
on a plane represented by mean effective pressure Pme and
eXcess air ratio A.

FI1G. 7 1s a graph showing an opening of the exhaust bypass
valve.

FIGS. 8(a)-8(d) are graphs showing convergence of rota-
tion speed of the engine output torque characteristic curve T's
and the load torque characteristic Td. FIGS. 8(a) and 8())
show the example of when the operation of the engine 1s
stable, and FIGS. 8(c) and 8(d) show when the operation of

the engine 1s unstable.

FI1G. 9 1s a schematic representation of total construction of
the gas engine of another embodiment.

FIG. 10 1s a schematic representation showing recovering,
of coal mine methane gas at a coal mining site.

DETAILED DESCRIPTION OF THE INVENTION

Preferred embodiments of the present invention will now
be detailed with reference to the accompanying drawings. It 1s
intended, however, that unless particularly specified, dimen-
sions, materials, relative positions and so forth of the con-
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6

stituent parts 1n the embodiments shall be interpreted as 1llus-
trative only and not as limitative of the scope of the present
invention.

Referring to FIGS. 1 and 2, reference numeral 2 shows a
main part 2 around the combustion chamber of the gas engine.
A combustion chamber 10 1s formed above a piston 4 1n a
cylinder room 8 of a cylinder 6. A pilot fuel ignition device 12
having an 1njection nozzle 1256 1s mounted above the combus-
tion chamber 10 so that the injection nozzle 125 faces the
combustion chamber. Fuel for 1gnition, such as light fuel o1l,
1s 1njected 1nto the subsidiary chamber 12¢ through a supply
pipe 12a, and combustion gas of the pilot fuel produced 1n the
subsidiary chamber 12¢1s injected into the combustion cham-
ber 10 as flame jets 7 through injection holes of the injection
nozzle. A lean mixture ol methane gas 1n the main combustion
chamber 10 1s 1gnited by the flame jets 7. Mixture of recov-
ered methane gas and ventilated methane gas mixed before-
hand 1s introduced 1nto a common inlet pipe 18 and recovered
methane gas 1s further mtroduced into an inlet passage 16
which 1s opened and closed by an inlet valve 14. Thus, inlet air
added with those methane gases 1s introduced into the cylin-
der room 8. Inlet air added with the mixture of recovered
methane gas and ventilated methane gas 1s compressed by a
supercharger 19 and supplied to the common 1nlet pipe 18, as
already explained referring to FIG. 1.

As shown in FIG. 2 showing an overall construction of the
gas engine, an electric generator 32 1s connected to a crank-
shaft 30, a rotation speed sensor 34 for detecting engine
rotation speed 1s attached to the crankshait 30, a cylinder
pressure sensor 36 for detecting pressure of the combustion
chamber 1s provided, and a manifold pressure sensor 38 and
temperature sensor 40 are attached to the common inlet pipe
18. Detected speed, pressure, and temperature are inputted as
detected signals to an engine controller 20.

A supercharger 19 having a gas turbine 41 driven by
exhaust gas of the engine and a compressor 42 1s connected to
the common 1nlet pipe 18. An exhaust bypass valve 44 for
allowing bypass of a part of the exhaust gas entering the
turbine 1s provided at the exhaust gas entrance of the turbine.
The exhaust bypass valve 44 1s driven by a high speed electric
actuator, and opeming of the exhaust bypass valve 1s con-
trolled by a signal from the engine controller 20.

An nlet air pipe 46 1s connected to the compressor 42 of the
supercharger 19, and ventilated methane gas (ventilation air
methane (VAM)) added with recovered methane gas through
a mixer 48 compressed by the compressor 42 1s introduced to
the common 1nlet pipe 18 via an air cleaner 43. The 1nlet air
pipe 46 1s provided with the mixer 48 and a filter 50. Venti-
lated methane gas (VAM) 1s mtroduced from the upstream
side of the filter 58. Methane concentration of the ventilation
air methane 1s very low, usually 0.3~0.7%.

The mixer 48 1s provided to add recovered methane gas

(CMM, coal mine methane) to the ventilation air methane
(VAM) tlowing 1n the 1nlet air pipe 46 to be mixed with the
VAM.

The coal mine gas (CMM) 1s methane gas having methane
concentration of 30~50% recovered from a bore for degas-
sing by a vacuum pump.

The recovered methane gas reserved 1n a butler tank 34 1s
introduced to a filter 56, from where a part thereof 1s 1ntro-
duced to the mixer 48 through a recovered methane gas pas-
sage 52 via a first electromagnetic valve 58 and the remnant 1s
introduced into a compressor 58 where it 1s compressed. The
compressed gas 1s mtroduced 1nto each of the inlet passages
16 via each of second electromagnetic valves 60. Thus, recov-
ered methane gas (CMM) 1s further added to the mixture of
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VAM and CMM flowing in the inlet passages 16 of each
cylinder through each of the second electromagnetic valves
60.

Opening periods of the first electromagnetic valve 58 and
second electromagnetic valves 60 are controlled by the
engine controller 20.

In the gas engine composed as mentioned above, pressure
ol the recovered methane gas 1n the butler tank 54 1s adjusted
by a pressure adjusting means (not shown) and recovered
methane gas 1s added to the mixture of VAM and CMM
flowing 1n the inlet air pipe 46 through the first electromag-
netic valve 58, and further recovered methane gas 1s added to
the mixture of VAM and CMM flowing in the inlet passages
16 through the second electromagnetic valves 60.

The recovered methane gas introduced through the first
clectromagnetic valve 58 1s mixed with the ventilation air
methane (VAM) tlowing 1n the inlet air pipe 46. This mixture
of VAM and CMM 1s compressed by the compressor 42 of the
super charger 19 and flows into the common 1nlet pipe 18,
from where 1t flows 1nto the cylinder room 8 of each cylinder
passing through the inlet passage 16 with recovered methane
gas further added in the inlet passage 16. This air-fuel mixture
1s introduced 1nto the cylinder room 1n the suction stroke and
compressed 1in the compression stroke, and then the tlame jets
7 are 1njected from the injection nozzle of the pilot tuel
ignition device 12, and the air-fuel mixture 1s burned 1n the
combustion chamber 10.

Next, combustion control of the gas engine will be
explained.

Combustion control i1s performed by the engine controller
20 provided with a control means 24 for controlling engine
output and a control means for controlling excess air ratio A.

The engine output control means 24 will be explained
referring to FIG. 3 showing a control flowchart.

Control 1s started at step S1. At step S2, engine rotation
speed 1s detected by the signal from the rotation speed sensor
34. Then at step S3, methane gas requirement Vg to maintain
a relation |ATdI-|ATsI|>0 for the detected rotation speed is
calculated from a prescribed map MI. In the map M1 1s
determined a methane gas requirement versus engine rotation
speed obtained by an experiment for a combination of gas
engine and generator to be driven by the engine.

|ATs| 1s the absolute value of the change rate of output
torque T's inrelation to rotation speed n,1.€. |2 Ts/a Nl inthe
output torque characteristic curve of the engine at the inter-
section point of the T's curve with the Td curve, and |ATd| 1s
the absolute value of the change rate of torque Td required to
drive the generator 32 in relation to rotation speed n, 1.¢. |
. 1d/a NI 1n the characteristic curve of torque required to
drive the generator at the intersection point of the Ts curve
with the Td curve.

In FIG. 4, load torque Td required to drive the generator
decreases as rotation speed n increases, whereas output
torque T's of the engine increases as rotation speed increases,
and the absolute value of inclination of engine output torque
T's 1s gentler than that of generator drive torque Td.

By controlling engine output torque as shown 1n FIG. 4, 1
rotation speed increases for any reason from that at the inter-
section point of the T's curve with the Td curve, at which point
the engine operates stably, to a rotation speed at a point E1,
the rotation speed tends to decrease to that at a point E2, and
ultimately the rotation speed converges to that at the intersec-
tion point of both curves T's and Td, as explained referring to
FIG. 8(a), and the engine operates stably at the rotation speed
at the intersection point.

At step S4, the methane gas requirement Vg obtained from
the map M1 1s apportioned between the first electromagnetic
valve 58 and each of the second electromagnetic valves 60 so
that gas tlow of Vgl 1s introduced through the first electro-
magnetic valve 58 and gas tlow of Vg2 1s introduced through
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cach of the second electromagnetic valves 60. The apportion-
ment 1s done based on apportionment proportion character-
istics shown in FIG. 5.

At step S5, the opening period T1 of the first electromag-
netic valves 58 1s controlled to allow gas tlow of Vgl. At step
S6, the opening period T2 of the second electromagnetic
valves 58 1s controlled to allow gas flow of Vgl. Thus, the
methane gas requirement Vg 1s mtroduced into the cylinder
room via the first and second electromagnetic valves.

The engine output control means 24 consists ol the steps S2
to S0.

Next, the excess air ratio control means 22 will be
explained.

At step S7, density ys of the air-methane gas mixture tlow-
ing in the common inlet pipe 18 1s calculated based on pres-
sure and the temperature detected by the pressure sensor 38
and temperature sensor 40.

At step S8, mass flow Gm of the mixture gas tlowing 1n the
common inlet pipe 18 1s calculated using the calculated den-
sity vs, and approximate excess air ratio A' 1s calculated using,
the mixture flow Gm and the methane gas requirement Vg
calculated at the step S3. As the mixture gas flowing 1n the
common 1nlet pipe 18 consists of ventilation air methane and
a part of recovered methane gas introduced through the first
clectromagnetic valve 58, said A' 1s not an accurate calcula-
tion value but an approximate value calculated by assuming
the mixture 1n the common inlet pipe 18 consists of only atr,
for methane concentration of ventilation air methane 1s usu-
ally very small as 0.3~0.7% and methane concentration in the
common inlet pipe 18 1s very small.

Next, at step S9, cylinder pressure, 1.€. combustion pres-
sure PO 1s detected. At step S10, mean effective pressure Pm
1s calculated by using the detected combustion pressure PO
and the calculated excess air ratio A' (or excess air ratio A
obtained by correcting the value of A'), and whether the com-
bustion has occurred 1n a zone between a misfire zone C and
a knock zone E and further whether such occurred in a zone of

excess air ratio A of 2 or larger based on the map as shown 1n
FIG. 6 1s judged.

In FIG. 6, the abscissa represents effective mean pressure
Pm and ordinate excess air ratio A. In this graph, A, B, and C
represent a misfire zone respectively, and E represents a
knock zone. D represents an excessively rich mixture zone.
The zones A, B, and C represent misfire zones of gas engines
different 1n combustion type respectively. The zone A 1s a
misfire zone of a stoichiometrical combustion gas engine,
zone B 1s a misfire zone of spark 1gnition with a subsidiary
chamber type gas engine, and zone C 1s a misfire zone of light
o1l 1njection with a subsidiary chamber type gas engine.

To achieve stable combustion 1n lean mixture burning of
methane fuel, it 1s necessary to control the combustion so that
combustion occurs 1n a zone not belonging to any of the zones

A, B, C, D, and E 1n FIG. 6.

When 1t 1s judged at the step S10 that combustion 1s occur-
ring 1n a zone not belonging to any of the zones A~E, for
example, 1t 1s judged that combustion 1s occurring at the point
X, the excess air ratio control means 22 controls the combus-
tion so that the point X 1s shifted to the point Y to increase
excess air ratio by controlling opening of the exhaust bypass
valve 44 for causing bypass of a part of the exhaust gas
entering into the turbine 41 of the supercharger 19 via the
actuator. The actuator comprises an electric actuator of high
speed response and driven by a signal from the engine con-
troller 20. The actuator actuates to decrease opening of the
exhaust bypass valve 44 when increasing combustion pres-
sure PO and excess air ratio A, and to increase opening of the
exhaust bypass valve 44 when decreasing combustion pres-
sure PO and excess air ratio A.
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A conventional mechanical valve drive device of a dia-
phragm type 1s slow 1n response, and boost pressure can not
be increased rapidly when the actuator receives a signal to
increase opening of the exhaust bypass valve 44. Therelore,
there was a tendency that, when mtending to shift from the
point X to the point Y, the point X would shiit toward a point
7. 1n the knock zone E because of retarded boost pressure rise.
By adopting the high speed electric actuator, control response
of the exhaust bypass valve 44 1s increased and shifting from
the point X to the point Y 1n FIG. 6 1s performed with cer-
tainty.

In this way, excess air ratio A can be controlled by control-
ling charging pressure of the supercharger. By increasing
charging pressure, there may be a fear that knocking will
occur. However, as increased charged air amount causes low-
ering ol combustion temperature, a lean burning atmosphere
of excess air ratio A of 2 or larger can be produced in the
combustion chamber without the fear of knocking.

Although the exhaust bypass valve 44 has been explained,
it 1s also suitable to control charging pressure providing an
inlet air bypass valve to the compressor 42. By controlling the
inlet bypass valve, the same effect can be achieved.

When 1t 15 judged that combustion 1s occurring 1n zones
other than zones A~E, operation 1s continued with the open-
ing of the exhaust bypass valve 44 maintained at step S12, and
the process ends at step S13.

By controlling combustion of the gas engine as mentioned
above, stable lean mixture burning with excess air ratio A of 2
or larger 1s made possible without occurrence of knocking
and misfire, and a gas engine can be obtained which can
cifectively utilize coal mine methane gas which varies con-
siderably in methane concentration including ventilation air
methane which 1s very low 1n methane concentration as fuel
can be obtained.

Another embodiment of the gas engine 1s shown 1n FIG. 9.
The gas engine of this embodiment 1s not provided with the
clectromagnetic valve 58 and mixer 48 of the first embodi-
ment, and other than that 1s the same as the first embodiment
shown 1n FIG. 2.

According to the embodiment, recovered methane gas 1s
not introduced to the air imlet pipe 46 through the mixer 48 as
1s 1n the first embodiment, and recovered methane gas is
introduced into each of the inlet passages 16 only through
cach of the second electromagnetic valves 60.

Theretfore, only ventilation air methane which is very low
in methane concentration 1s contained in the charging air-
methane mixture 1n the common inlet pipe 18. As approxi-
mate excess air ratio A' 1s calculated by using the density ys
calculated based on the pressure P1 and temperature T1 of the
air-methane mixture in the common inlet pipe 18, the calcu-
lated value of excess air ratio A' 1s nearer to actual excess air
ratio A as compared with the case 1n which recovered methane
gas 1s introduced through the mixer 48 via the first electro-
magnetic valve 58 before the mixture enters the common nlet
pipe 18 as in the first embodiment.

Accordingly, combustion control 1s performed based on
more accurate excess air ratio A, and construction of the
control apparatus 1s simplified as compared with the first
embodiment.

The invention claimed 1s:

1. A method of controlling combustion 1n a gas engine
connected to an electric generator to compose a power gen-
erator unit, the unit being installed near a coal mine site, the
gas engine being of a pilot ignition type gas engine which can
utilize recovered methane gas and ventilation air methane gas
taken out from the coal mine as 1ts fuel by adjusting methane
concentration to produce lean air-methane gas mixture,
wherein
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output torque of the gas engine 1s controlled so that a
relation |ATdI-IATs|>0 1s maintained between [ATd|
which 1s absolute value of change rate of load torque Td
required to drive the generator 1n relation to engine rota-
tion speed n and |ATs| which 1s absolute value of change
rate ol output torque T's 1n relation to engine rotation
speed n at an intersection point of a Ts-n curve and a

Td-n curve, and excess air ratio 1s controlled to be 2 or
larger so that lean mixture burning i1s performed while
avoiding misfiring and knocking by controlling mixing
ratio of recovered methane gas with ventilation air meth-
ane.

2. A method of controlling combustion in the gas engine
according to claim 1, wherein methane gas tlow required to
maintain the relation [ATdI-IATs|>0 1s determined 1n a map
beforehand based on an experiment on the power unait.

3. A method of controlling combustion in the gas engine
according to claim 1, wherein ventilation air methane 1s intro-
duced into a common 1nlet passage, recovered methane gas 1s
introduced individually into each cylinder room, and excess
alr ratio ol charged air-methane gas mixture 1s controlled by
controlling charging pressure produced by a supercharger
provided upstream of the common 1inlet passage.

4. A method of controlling combustion in the gas engine
according to claim 3, wherein a part of the recovered methane
gas 1s mtroduced into a supply passage of the ventilation air
methane to the supercharger to be mixed with the ventilation
air methane.

5. An apparatus for controlling combustion 1n a gas engine
connected to an electric generator to compose a power gen-
erator unit, the umt being 1nstalled near a coal mine site, the
gas engine being of a pilot 1ignition type gas engine which can
utilize recovered methane gas and ventilation air methane gas
taken out from the coal mine as 1ts fuel by adjusting methane
concentration to produce lean air-methane gas mixture, the
apparatus comprising an engine output control means for
controlling output torque of the gas engine so that a relation
|IATdI-IATsI>0 1s maintained between |ATd| which 1s abso-
lute value of change rate of load torque Td required to drive
the generator 1n relation to engine rotation speed n and |AT's|
which 1s absolute value of change rate of output torque T's in
relation to engine rotation speed n at an intersection point of
a Ts-ncurve and a Td-n curve, and an excess air control means
for controlling excess air ratio to be 2 or larger so that lean
mixture burning 1s performed while avoiding misfiring and
knocking by controlling mixing ratio of recovered methane
gas with ventilation air methane.

6. An apparatus for controlling combustion 1n the gas
engine according to claim 5, wherein a map 1s provided 1n
which methane gas flow required to maintain the relation
|IATdI-1ATs|>01s determined beforehand based on an experi-
ment on the power unit.

7. An apparatus for controlling combustion in the gas
engine according to claim 5, wherein are provided a common
inlet passage for supplying ventilation air methane to into
cylinders of the engine, a supercharger having a compressor
connected to the common 1nlet passage, and a supercharger
control means to control excess air ratio of charged air-meth-
ane gas mixture to be 2 or larger by controlling charging
pressure produced by the supercharger provided upstream of
the common 1nlet passage.

8. An apparatus for controlling combustion in the gas
engine according to claim 7, wherein a mixer for mixing a part
ol the recovered methane gas with the ventilation air methane
gas belore the ventilation air methane gas 1s imntroduced into
the compressor of the supercharger 1s provided.
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